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INTRODUCTION
Viruses having an RNA genome cause the vast majority of viral infections of plants. As with animals, the onset of infection in plants typically occurs rapidly and depends upon successful multiplication of the invading genome within host cells. Despite the intensity of replication activity early in infection, it has proven remarkably difficult to elucidate the molecular events involved. Clearly, once introduced to a site of infection on or in the host by a suitable vector (G arrett et al. 1985) , the viral RNA must be capable of entering the eukaryotic cell and diverting its metabolism to produce virally encoded macromolecules.
Brome mosaic virus (BMV) has an RNA genome consisting of RNA1 (3234 nucleotides (nt)), RN A2 (2865 nt) and RNA3 (2117 nt). A subgenomic component (RN A4, 8 7 6 nt), from which the coat protein is expressed, has a sequence colinear with the 3' end of RNA3 (A hlquistei al. 1981, 1984) . A mixture of RNAs 1+ 2 + 3 is infectious when rubbed onto the leaves of a suitable host (such as barley). RNAs 1 and 2 encode proteins (la and 2a) that are almost certainly involved in replication of BMV RNA. RNA 3 encodes two proteins: 3a, thought to be involved in cell-to-cell (systemic) spread of the virus, and a translationally silent copy of the coat protein gene.
The ability of the brome mosaic virus (BMV) genome to redirect biosynthetic functions in barley leaves is especially intriguing to us, and our investigations have centred principally on this host-pathogen system. Consequently, the present article focusses especially on the properties of the BMV-specific RNA-dependent RNA polymerase (replicase) and the way in which mutagenesis of viral RNA is being used to study host-virus interactions. 
Replication o f BM V RNA in vivo
Although our research has not directly addressed the initial steps in natural infections of host plants by BMV, we have made extensive use of protoplast systems to follow early stages of infection. Protoplast systems are advantageous because defined amounts of inoculum can be supplied to a quantifiable number of relatively uniform host cells whose viability can be readily determined. BMV inoculum can be supplied either as nucleoprotein (virions) or as naked viral R N A; the latter is especially advantageous because there is no need to attempt encapsidation of mutagenized RNA sequences. Nevertheless, it is important to remember that protoplast systems do not mimic all aspects of infection processes in vivo, especially cell-to-cell transport. This is evident in the case of BMV which does not normally infect tobacco plants, but which is fully capable of infecting tobacco protoplasts (L. S. Loesch-Fries, personal communication). Differences between infections initiated with virions and with RNA are exemplified by their susceptibility to cross protection. In the recent experiments of Abel et al. (1986) expression of tobacco mosaic virus (TM V) coat protein by the host plant was effective in delaying infection by virions, but gave no protection when RNA was used as inoculum. Despite these differences, the use of protoplasts permits analysis of early events following inoculation that are impossible to document in intact plants. Loesch-Fries & Hall (1980) showed that new (labelled) RNAs 1 and 2 could be detected at 6 h post inoculation and RNAs 3 and 4 10 h post-inoculation. This observation is in accord with the belief that RNAs 1 and 2 are intimately involved in replication.
T he barley protoplast system was also used by K iberstisei al. (1981) to investigate which of the BMV RNA components were essential for replication. It was assumed that BM V replicase was entirely or partially comprised a virally encoded protein, and consequently that at least one of the BMV RNAs would have the property of being able to pass through the host protoplast membrane and serve as a messenger template for synthesis of the replicase or replicase component. Neither RNA3 nor RNA4 gave rise to detectable protein products when inoculated individually or in combination (RNAs 3+ 4) . Tests for ribonuclease sensitivity of the inoculated RNA showed sim ilar degrees of protection for each component, indicating that no preferential binding or plasm alem m a transit characteristic exists that m ight have led to differential degradation of RNAs 3 or 4 over 1 or 2.
Since RNA4 encodes the viral coat protein, it was not expected that it would itself function as the replicase. However, infections by other RNA viruses having a genomic organization sim ilar to BMV, such as that caused by alfalfa mosaic virus, often require the presence of either coat protein or RNA4 (Ablas & Bol, 1978) .
Consequently, it is rem arkable that BMV virion RNA4 (an excellent m RNA in vitro: Pyne & H all, 1979; K iberstis et al. 1981 ) is incapable of functioning as a mRNA when added to protoplasts, even at concentrations approaching lm g m l-1 . T his observation indicates either that virion RNA4 and newly replicated RNA4 (which is the active mRNA for coat protein synthesis once infection is established) differ in some subtle way, or that virion RNA4 is unable to reach a suitable subcellular location for its translation. Evaluation of such speculations will require detailed analysis at the subcellular level of the location of viral RNAs and proteins during the entire infection process.
RNAs 1+2 were translated on addition to barley protoplasts, and yielded the expected polypeptide products la and 2a (F ig. 1). Replication of both RNAs was also evident in these experim ents and many attempts were made to separate RNA1 from 
Isolation an d characterization o f BM V replicase
In describing the replicase and its products, a clear understanding of terminology is important. Multiplication of viral RNA involves several steps, beginning with initiation of new ( -) strand synthesis at the 3' end of the supplied (+ sense, virion) RN A and followed by initiation and synthesis of new (+ ) strands from the recently formed ( -) strand. The template-dependent polymerization of nucleoside triphos phates, including elongation of established chains, is a polymerase characteristic. We believe that replication should be reserved for the entire cycle of supplied (+ ) to new (+ ) strand formation and consequently that an enzyme preparation must be capable of both ( -) and ( + ) strand synthesis to be termed a replicase. In the case of subgenomic RNAs, such as BMV RNA4, the replicase preparation exhibits an additional property; that of recognizing an initiation site internal to the genomic component. Synthesis of RNA strands from DN A templates is appropriately termed transcription and the products are termed transcripts. Although the synthesis of RNA strands from RNA templates is typically called replication, there is no generally accepted terminology for the products; they are typically called transcripts although 'repliscripts' would be more consistent. The reason for preferring such terminology will become apparent later in this article where RNA transcripts (obtained by bacteriophage SP6, T 7 or T3 promoter-driven transcription of cDNA clones) are used as templates for replication. However, to avoid introducing new terminology, the RN A copies derived as a result of replication are called 'products' in this.article; hopefully this will prevent confusion arising from stating that 'transcripts give rise to transcripts'. W hen one considers the importance of replication in viral aetiology, it is not surprising that many articles exist describing attempts to isolate replicases from plants. We have reviewed previously (Hall et al. 1982; Miller & Hall, 1984 ) the pitfalls associated w ith interpretation of data based on incorporation of nucleoside triphosphates into acid precipitable material rather than on characterized products of replicase assays. Consequently, this aspect will not be dwelt on here, other than to note that reactions that have nothing to do with the viral replication process, such as those catalysed by terminal transferase and by the ubiquitous (but enigmatic) host RNA polymerase can yield labelled RNA products. In devising our strategy for studying BMV replication we have consistently demanded that the extracts from infected plants exhibit template-dependency and template-specificity for BMV RNAs. In common with other investigators who have isolated viral RNA-dependent RNA polymerases from plants, we find that only fractions associated with plant membranes exhibit these properties. Improvements remain to be made in the isolation of BMV replicase. The enzyme presently used (Fig. 2) contains many proteins that are present in the membrane extract which have nothing to do with viral replication. BMV RN Al-encoded protein la was readily visible among the polypeptides separated by electrophoresis of the replicase preparation. Protein la is difficult to detect in separations of total leaf proteins (Kiberstis et al. 1981) and this observation suggests that the replicase preparation is enriched in protein la. Clearly, the presence of protein la does not constitute proof of function. Protein 2a was not detected among the polypeptides, but this does not exclude its presence or functionality. It is more than likely that further partition with non-ionic detergents would enhance the purity of the enzyme. However, we are cautious in this respect since many 'highly purified' replicase preparations (Kumarasamy & Symons, 1979; Dorssers et al. 1983) are incapable of initiation on supplied template and consequently can have only partial relevance to the true replication process. The BMV replicase is also relatively inefficient; considerably less than 1 % of the input template is copied to yield products.
Despite the shortcomings noted above, the replicase preparation shown in 
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Treat with mierococcal nuclease Fig. 2 . BMV replicase (RNA-dependent RNA polymerase) extraction p ro ced u re. As shown, a series of differential centrifugation steps was used to isolate replicase from BMV-infected barley (for details see Bujarski e t al. 1982) . The use of a nonionic detergent, dodecyl-/3-D -m altoside permitted removal of many contaminating proteins from the membrane fraction without loss of specificity for BMV RNA templates. The final replicase preparation was relatively free of endogenous nuclease activity allowing use of exogenous RNA template. Micrococcal nuclease treatment degraded endogenous viral RNA making the replicase activity dependent on the exogenous RNA template (M iller & Hall, 1983) . template is copied. Additional aspects of its functional characterization are detailed below in respect to the use of mutant BMV RNA templates.
Hybrid-arrested replication o f BM V RNA 3 '-terminal fragments
It cannot be stressed too strongly that the isolation of a template-dependent and template-specific replicase was seen as an essential prerequisite to studying replicase binding and initiation at the molecular level. Using the replicase preparation described above, several experiments were conducted with BMV RNA fragments that were hybridized with single stranded cDNA sequences (Ahlquist et al. 1984a) . These experiments revealed that obstruction of the 3' terminus by hybrid formation inhibited replication, presumably by preventing initiation. When cD N A sequences complementary to internal regions of the 3' end of BMV RNA were hybridized, replication was frequently unaffected, indicating that the replicase can pass through certain double-stranded regions. This attribute is important since it is clear that some regions of both the ( + ) and (-) strands of the BMV RNAs have quite extensive secondary and tertiary structure. However, hindrance of replication was apparent from some of the internal hybrids, and it seemed likely that these locations were candidates for sites recognized by the replicase for binding to the template. However, it was also apparent that extrapolation of the hybridization approach was unsatisfac tory since many regions of the 3' end were inaccessible for hybridization. In any case, it could never provide adequate resolution for our studies, for example in the comparison of the effect of sequence versus structural alterations by the introduction of transitions, transversions, single base changes and deletions. In contrast, the use of BMV RNA transcripts synthesized in vitro offered potentially unlimited opportunities for modified templates that facilitate elucidation of many viral functions, including replication and aminoacylation. . 1985) , also resulted in relatively little change in aminoacylation function, but effectively eliminated replicase template activity.
As was to be expected, mutation of the 3 '-terminal two nucleotides drastically reduced replicase template activity and eliminated the tyrosine acceptance function. Because repair of the 3' -CCA terminus with nucleotidyl transferase occurs (see below) these modifications are likely to be corrected in vivo , although this remains to be tested. Careful analysis of ( -) strand products by a chain-termination procedure, and by incorporation of [y-32P]G T P (Miller et al. 1986 ), showed that initiation of ( -) strand synthesis occurred opposite the C-2 (less likely, the C-3) nucleotide of the ( + ) strand. This was confirmed using RNAs subjected to one, two, or three cycles of /3-elimination as replicase templates (Miller et al.
1986). RNAs terminating in -G A C C A (wild-type) or -G ACC were equally active templates, but RNAs terminat ing in -G AC or -G A were inactive. Experiments in which the 3' terminus of the ( + )
strand was extended with poly(A) sequences or oligonucleotide sequences have shown that lim ited extensions are not totally inhibitory to replication, but that the C-2 initiation site is specifically maintained. BMV RNA templates containing oligonucleotide extensions 6 bases beyond the normal -CCA term inus were as active as w ild-type RNA in ( -) strand initiation in vitro; extensions 15 bases long were, however, inactive (M iller et al. 1986 ). Site-directed mutagenesis of all major regions of the 3' structure have now been constructed. These show widespread interaction of the replicase within this region (Fig. 3) Table 1 ). Deletions that showed greatly reduced replicase activity in vitro were deemed unlikely to be viable and infectivity tests using full length BMV RNA3 transcripts containing the D2, M5 and SI deletions failed to show any infectivity when inoculated together with wild type transcripts of RNAs 1 and 2 onto barley protoplasts. BMV RNA3 transcripts incorporating deletion X 6, which yielded 7 0 % Bujarski e t al. 1985; Bujarski e t al. 1986 . wt = wild type.
of the wild type replicase template activity but only 5 % of the wild type aminoacylation function were also non-infectious. However, the capacity for X 6 transcripts to be adenylated in vitro was also reduced, being only 40% of the wild type activity. Consequently, the lack of infectivity may be due to loss of adenylation function rather than to loss of aminoacylation function. Deletion M4, which mimics the structure of broad bean mottle virus RNA (Ahlquist et al. 1981), was found by in vitro tests to be twice as active a template for ( -) strand synthesis and over twice as active a template for adenylation. When included in the inoculum, BMV RNA3 transcripts containing the M4 deletion (BMV M 4 RNA3) were infectious and progeny RNAs from both protoplasts and barley plants were shown to retain the deletion. However, the ratio of M 4 RNA3 to RNAs 1 and 2 was generally lower than that for wild type RNA3. This suggests that although the M 4 deletion yields higher levels of ( -) strand synthesis in vitro, it may interfere with other viral functions in vivo. Indeed, progeny RNA3 from barley plants that were harvested 1 0 -1 5 days after inoculation were shown to have undergone recombination events that resulted in the deletion being replaced by wild type sequences from RNAs 1 or 2 (Bujarski & Kaesberg, 1986) , suggesting that strong selection pressure against the M 4 deletion exists in vivo.
Synthesis o f subgenomic BM V RNA4
The ability of the replicase preparation to initiate and faithfully copy supplied exogenous templates provided the opportunity to examine the mechanism for ■ generating subgenomic RNA4. Bancroft & Lane (1973) 
Status an d fu tu re prospects
The preceding reviews the present state of knowledge regarding replication of BMV RNA. Considerable advances have been possible through the use of the in vitro replicase system in conjunction with mutant transcripts synthesized from cDNAs, and expression in vivo of BMV RNA transcripts containing mutated sequences is also proving to be most revealing in regard to viral mechanisms. The replicase system has been used in vitro to reveal features essential to the initiation and synthesis of ( -) strand RNAs and ( + ) strand subgenomic RNAs. However, attempts to show genomic ( + ) strand synthesis from full-length copies of ( -) strand RNAs have thus far been unsuccessful. Correctly terminated ( -) RNA3 has not been an active template for full-length ( + ) strand synthesis. This may be due to a requirement for an additional 3' G residue at the 3' terminus of the (-) strand (Collmer & Kaper, 1985) , or may reflect a deficiency in the activity of the replicase preparation. The relatively crude state of the BMV replicase we use is disturbing, although less so than the fact that some 'purified' replicase preparations are entirely unable to initiate on exogenously supplied template and are thus lacking in a vital character istic. It would be more satisfactory to have higher levels of activity, and a better useage of the supplied template. Hopefully, further purification of the replicase complex will result in improving these features, and assist in further elucidating the molecular biology of BMV RNA replication. 
